We detected 16 genes for ribosomal proteins in the complete sequence of the mitochondrial DNA from a liverwort, Marchantia polymorpha. The genes formed two major clusters, rps12-rps7 and rps10-rpl2-rps19-rps3-rpl16-rpl5-rps14-rps8-rpl6-rps13-rps11-rps1, very similar in organization to Eschehchla coll ribosomal protein operons (str and S1 Ospc-a operons, respectively). In contrast, rps2 and rps4 genes were located separately in the liverwort mitochondrial genome (the latter was part of the a operon in E. coll). Furthermore, several ribosomal proteins encoded by the liverwort mitochondrial genome differed substantially In size from their counterparts in E. coll and liverwort chloroplast.
INTRODUCTION
Organelles (mitochondria and plastids) contain prokaryotic-type ribosomes, whose constituent proteins are partly encoded by the organelle genome, the remainder being specified by the nuclear genome and imported into the organelle post-translationally. The complete nucleotide sequences of liverwort, tobacco, and rice chloroplast genomes have revealed that each encodes about 20 genes for ribosomal proteins (r-proteins) (1) (2) (3) . On the other hand, the completely sequenced human mitochondrial genome has no genes for r-proteins (4), while the yeast mitochondrial genome encodes only one species of r-protein (5) . In these latter cases, all or almost all of the mitochondrial r-proteins must be encoded by the respective nuclear genomes. In fact, some yeast nuclear genes for mitochondrial r-proteins have been cloned and sequenced (6) (7) (8) . To date, only six r-proteins (S3, S12, S13, S14, SI9, and LI6) have been described in the mtDNA of several species of angiosperms (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) . We have determined the complete sequence of the liverwort mitochondrial DNA (19) and have identified genes encoding sixteen different r-proteins (SI, S2, S3, S4, S7, S8, S10, SI 1, S12, S13, S14, S19, L2, L5, L6, and L16). In this paper, we describe the gene organization and the characteristics of the deduced amino acid sequences of these mitochondrially encoded r-proteins.
MATERIALS AND METHODS
Cloning and sequencing of the liverwort mitochondrial DNA were performed in this laboratory as described previously (19, 20) . The complete nucleotide sequence has been deposited in GenBank Data Library (accession number M68929). Computer aided analysis of nucleotide and amino acid sequences was carried out using the Hitachi DNASIS program on an NEC-9801VM computer, and the IDEAS program on a FACOM M-780 computer (Data Processing Center, Kyoto University) using NBRF PIR Release 25 database.
RESULTS AND DISCUSSION
Amino acid sequences of r-proteins encoded by liverwort mtDNA Amino acid sequences of r-protein genes detected in the liverwort mitochondrial genome were compared with their counterparts from E. coli, liverwort chloroplast , and the mitochondria of angiosperms (Fig. 1) . The degree of sequence identity of the liverwort mitochondrial r-proteins with their homologues in other systems ranged from 24.1 % to 62.1 % (E. coli), 22.4% to 64.2% (liverwort chloroplast), and 50.5% to 76.8% (angiosperm mitochondria) ( Table 1. ). The low values in liverwort mitochondria vs chloroplast amino acid sequence comparisons indicate that inter-organellar gene transfer does not occur between the liverwort chloroplast and mitochondrial genomes as observed in Oenothera rps4gene (21) .
Organization of liverwort mitochondrial r-protein genes
Most of the genes for r-proteins in the liverwort mitochondrial genome were organized into a cluster (rpsJ0-rpl2-rpsl9-rps3-rpll6-rpl5-rpsl4-rps8-rpl6-rpsl3-rpsll-rpsl) similar to that seen in E. coli r-protein operons S10 (S10-L3-L4-L23-L2-S19-L22-S3-L16-L29-S17) (22) , spc (L14-L24-L5-S14-S8-L6-L18-S5-L30-L15-rccy-X) (23) and a (S13-S11-S4-/7W/1-L17) (24) . An additional cluster (rpsl2-rps7) had the same order as the homologous genes in the E. coli str operon (S12-S7-^its) (25) . Genes for rps4 and rps2 were located elsewhere in the liverwort mitochondrial genome. A large cluster of r-protein genes has not been found in the mitochondrial genomes of the other organisms,
• To whom correspondence should be addressed whereas a very similar clustered organization of r-protein genes exists in chloroplast genomes (1) (2) (3) . The organization of the rprotein gene clusters in liverwort mtDNA was compared with those of the liverwort chloroplast and E. coli genomes (Fig. 2) . Several r-protein genes that are present in E. coli operons were not found in the liverwort mitochondrial genome, whereas the rpsl gene (which is not located in the E. coli S 10-spc-a or str operons) was found in the liverwort cluster. Nevertheless, organization and order of respective genes were very similar in these three genomes. This finding strongly supports the endosymbiont hypothesis, which postulated that the organelles of eukaryotes originated from prokaryotic (specifically eubacterial) ancestors in evolution (25) .
In the mitochondrial genomes of angiosperms, genes for rpsl2, rpsl3 and rpsl4 are closely linked to non-ribosomal protein genes (9) (10) (11) (12) (13) (14) (15) (16) . For example, nad3 and rpsl2 genes are co-transcribed in the wheat, maize and rice mitochondrial genomes (9, 10) . Exceptionally maize mitochondrial rps3 and rpll 6 genes are not only closely linked but even overlap, as did the liverwort rps3 and rpll6 genes (Fig. 3) . Translation of rpll6 in both liverwort and maize (18) mitochondrial genomes may initiate at a GUG (valine) codon. Although the maize rpll 6 gene encodes three inframe ATG codons further upstream that could also serve as initiation codons, in the liverwort gene there is a termination codon (TAA) at 24bp upstream of GTG (valine) initiation codon (Fig. 3) . Overall, the organization of r-protein genes is much different in liverwort and angiosperms mtDNAs. Indications are that r-protein gene organization has undergone drastic changes in the mitochondrial genome of angiosperms in the course of evolution, probably as a result of recombination events (27) as well as gene transfer into nuclear DNA (28) . On the other hand, there is apparently no homologous recombination through directly repeated sequences in the liverwort mitochondrial genome, suggesting that this genome retains the primitive form (19) . It is possible that the mitochondrial genomes of angiosperms do not encode as many r-protein genes as the liverwort mitochondrial genome, in spite of the much larger average size of the former. Inferred characteristics of liverwort mitochondrial r-proteins Interestingly, whereas liverwort chloroplast r-proteins were similar in size to their E. coli counterparts, liverwort mitochondrial r-proteins L2, S3, S7 and S8 were larger than their counterparts in E. coli (Fig. lm , lc, le, and If, respectively). Moreover, r-protein S3 in maize mitochondria appeared to be much larger than that its liverwort mitochondrial homologue ( Table 2 .) (18) . However, liverwort and maize S3 amino acid sequences deduced from the corresponding mtDNA sequences showed a high degree of similarity between liverwort and maize in the N-terminal and C-terminal regions (Fig. lc) . In the case of yeast mitochondrial r-protein (L8) (encoded by nuclear genome), the N-terminal region is homologous to E. coli r-protein L17 while the C-terminal region shows similarity to that of E. coli S13 r-protein (7). It has been postulated that the yeast L8 protein gene might have arisen as the result of fusion of genes for L17 and S13 proteins (7). However, the extra portions of liverwort mitochondrial L2, S3, S7, and S8 proteins showed no similarity to any other known r-proteins. Therefore, it is possible that their genes may be products of fusion with genes for uncharacterized r-proteins, or they may simply be unusually large as a consequence of insertions. In either case, extra segments of the proteins may be removed by post-translational processing during the assembly of ribosome particles. Ribosomal proteins SI and L6 in liverwort mitochondria appeared to be smaller than their counterparts in E. coli, lacking the C and N terminal portions of E. coli SI and L6 r-proteins ( Fig. la and lo, respectively) . The missing portions of these proteins may not play an important role in ribosome assembly and function. However, the presence of 'extra' and 'missing' portions of liverwort mitochondrial r-proteins must remain an inference until direct sequencing of the mitochondrial r-proteins themselves has been performed. Evolutionary events of organelk gene transfer into the nuclear genome It has been shown that ribosomes in E. coli contain over 50 distinct r-proteins. Genes for 16 and 20 species of r-proteins have now been detected in the liverwort mitochondrial and chloroplast genomes, respectively. The remainder are assumed to be encoded by the nuclear genome. It is of interest that 11 genes (rpsl2, rpsl, rp\2, rpsl9, rps3, rpll6, rpsl4, rps8, rpsl I, rps4, and rps2) were found to be encoded by both organelle genomes. Similarly homologous genes are known to exist in chloroplast and mitochondrial genomes for subunits of NADH dehydrogenase (nad genes in mitochondria, ndh genes in chloroplast) and ATP synthase (atp genes) (29) . It is unlikely that such common genes are maintained in the two organelle genomes by chance. In the plant kingdom, endosymbiosis of a chloroplast ancestor is thought to have followed that of a mitochondrial ancestor. Thus many genes of the mitochondrial genome must already have been transferred into the nuclear genome by the time of the endosymbiotic event that gave rise to the chloroplast ancestor.
Since then, additional migration of both chloroplast and mitochondrial genes to nuclear genome is presumed to have taken place. It is conceivable that there may have been duplication of mitochondrial genes already encoded by the nuclear genome at the time the chloroplast genome was being established, with one copy subsequently acquiring the signal peptide sequence necessary to transport the encoded r-protein into the chloroplast. In that case, the homologous chloroplast gene could simply have been lost, rather than being transferred to the nucleus.
